BACKGROUND AND SERVICE EXPERIENCE
INTRODUCTION

Extruded polyethylene cables were first introduced on the Swedish market in the late 1960s. A specific degradation of the insulation, called "water treeing" was soon discovered. This type of ageing substantially reduces the electric breakdown strength of the insulation and is the cause for cable failures. In Sweden a significant amount of the crosslinked polyethylene (XLPE) cables from the 1970s are still in service and these cables represent a valuable asset to the utilities. Some cables are still "as good as new", and to replace them would be an unnecessary and costly option. There is hence a need for a non-destructive diagnostic technique to assess the quality of the cables.
Two diagnostic methods are described in this paper. The first method is based on the measurement of the cable low frequency dielectric losses and it detects the general level of water-tree deterioration. A second method is used for localisation of water-treed regions along the cable length. This method is based on the Time Domain Reflectometry (TDR) technique.
BACKGROUND AND SERVICE EXPERIENCE
The network of North Botkyrka, which has been the object of this investigation, comprises 82 cables with a total length of 49.4 km. More than 90% of these cables were originally installed from 1969 to 1972. The predominant cable construction was a 3-phase XLPE design with tape and graphite insulation screen, Fig. 1 . Until 1992, the fault rate in North Botkyrka was on an acceptable level. However, in 1993 the fault rate increased rapidly. Multiple faults and cables failing after repair lead to the insight that there were problems with water treeing.
The diagnostic method, based on the measurement of the cable low frequency dielectric losses, has been used extensively in the period 1995-96 [1] . Following the diagnostic measurements a replacement strategy was formulated, which led to the full replacement of about 50% of the cables. The replacement strategy, proved to be very effective with only one failure occurring in the period 1997-2002.
Cables that contain localised water-treed regions may not show significant deterioration using the dielectric spectroscopy detection method but they could contribute to a high risk of failure. Replacement of only these sections would improve the cable condition and will be considerably more cost-effective as compared to a total cable replacement. This motivated the start of a new research project in 2000 at the Royal Institute of Technology (KTH), aiming at localising these water-treed regions along the cables length.
In the period 2002-03 seven cables were re-measured using the water-tree detection method and their conditions compared to the results from 1995-96. Moreover, using the localisation method, specific regions with higher water tree deterioration have been identified.
WATER-TREEING DETECTION METHOD
Low frequency dielectric spectroscopy
Detection of water-treeing is based upon the measurement of the capacitive part (ε') and loss part (ε") of the relative permittivity of the insulation. The voltage dependence of these parameters is an indication of water-tree ageing [1] .
Measurements can be conducted at frequencies from 1 mHz to 1 kHz. The measurement procedure includes several frequency sweeps at voltage levels from 0,25 U 0 up to the cable service phase voltage, U 0 . In the figures below each frequency sweep is labelled with a sequence number and a voltage level at which the measurement is taken. Following the measurements water-tree deteriorated cables are classified in three groups according to the type of response: medium aged, aged and severely aged.
Voltage Dependent Permittivity (VDP). The VDP type response is typical for medium aged and aged cables. It is characterised by almost frequency independent ε' and ε". 
Transition to Leakage Current (TLC).
The TLC type response is typical for severely aged cables. At voltages below 0,5-0,75U 0 the response is similar to type VDP. At higher voltages a leakage current behaviour is measured. Another specific feature is that losses (ε") increase after high voltage application. This effect is observed as higher losses for the second measurement as compared to the first one at the same voltage level, Fig. 3 . 
Leakage Current (LC).
The LC type response is typical for severely aged cables with water trees bridging the entire insulation width. The loss is characterised by a marked increase with decreasing frequency. The real part of the permittivity (ε') still shows a VDP response, Fig. 4 .
Diagnostic evaluation. Medium aged and aged cables with different levels of VDP response have an estimated breakdown strength from 2,5 U 0 to 4 U 0 [2] . Such cables can remain in service for a considerable time and therefore only a re-measurement within approx. 5 years is recommended.
A severely aged cable, characterised by LC or TLC responses, has a breakdown strength below 2,5 U 0 [2] . The risk for failure is estimated as very high and it is recommended that such cables are replaced at the first available opportunity. 
WATER-TREEING LOCALISATION METHOD Differential Time Domain Reflectometry (TDR)
The localisation of water treed regions along the cable length is based on the TDR method. The major challenge when performing TDR on a power cable is to distinguish the reflection from a water-treed region from the ones caused by different geometrical irregularities along the cable, e.g. by joints, bends, etc.
A measurement procedure is proposed as a solution of this problem. The idea is based on the voltage dependence of the water tree properties, e.g. as in Fig. 2 and Fig. 3 . For those types of responses the relative permittivity is higher after the application of high voltage. That suggests that water trees properties are changed after being subjected to high electrical stress [1] . On the other hand, the properties of geometrical irregularities and joints will remain constant after the voltage application and will therefore give the same reflection pattern as before. The following measurement procedure is therefore performed. The diagnostic investigation starts with a TDR measurement, which is followed by high voltage dielectric spectroscopy. A new TDR measurement is carried out afterwards and the signal from it is subtracted from the initial TDR measurement. Thus, all the constant reflections from the incoming pulse, joints, small geometrical changes, etc. will be extracted. The only one remaining is that from the changes in the water-treed region. The procedure is therefore called Differential TDR.
C C I I R R E E D D
DIAGNOSTIC MEASUREMENTS IN 1995-1996 AND CABLE REPLACEMENT STARTEGY
Dielectric spectroscopy measurements were carried out on 67 cables, from a total of 82 cables in the utility, in the period 1995-1996. Cables with LC or TLC responses were recommended for replacement as soon as possible. The other cables were graded according to the level of response. 39 cables were diagnosed as aged or severely aged and 37 of them were fully replaced. Two severely aged cables were left in service and one of them failed in 2001. A cascade of 7 failures occurred in 2003. 5 of the faults occurred simultaneously. Probably one failure was the origin and the others followed due to the increased stresses in the healthy cables. The remaining 2 faults occurred after 2 days and also they could have been initiated by the high stresses caused by the original fault. Of the total of 7 cables, 2 have been diagnosed as severely aged in 1996, 3 as medium aged and 2 have not been previously measured. Fig. 6 illustrates the failure development as function of year. The replacement cost for cables in North Botkyrka is around 100 EUR/m. The savings of replacing only the most deteriorated cables, as compared to replacement of all cables was 2 MEUR [4] .
DIAGNOSTIC MEASUREMENTS IN 2002-2003 AND EVALUATION OF THE CABLE AGEING
In the 2002 and 2003 a total of seven cables were remeasured using dielectric spectroscopy. What is more, Differential TDR was used during the 2003 measurements. A description of the 4 measurements from 2002 can be found in [4] . Three cables, A, B and C have been measured in 2003 and the results are given below.
Cable A has been diagnosed as significantly aged in 1996. It showed a very high VDP response and approximately half of the cable (a section of 600m) was replaced in 1997. Repeated failures at re-energizing lead to a replacement of further 30 meters of the old cable.
The dielectric spectroscopy measurements in 2003 again showed a high VDP response, Fig. 7 . Half of the cable length has already been replaced, which suggested that the remaining old section of the cable was significantly aged. The TDR reflection pattern, Fig. 8 upper curve, revealed a number of joints along the old cable section. calculated at 145 m/µs, which value agrees well with previous measurements [5] .
Analysis of the differential TDR signal, Fig. 8 lower curve, shows a change after the application of high voltage in the region of 6.5 -7 µs. The signals at the beginning (0 -2 µs) of the differential TDR response can be attributed to noise and measurement artefacts.
Considering the speed of 145 m/µs, the region corresponding to 6.5 -7 µs is placed at approx. 470 -510 m from the measuring end, Fig. 8 bottom drawing . That corresponds to the position where several water-tree related breakdowns occurred. Therefore, it was concluded that the signal, localised by the differential TDR procedure, was caused by changes in a water-treed region after the application of high voltage.
Because of the high number of failures in the region at around 450 m, the entire old cable section was scheduled for replacement later in 2003.
When Cable B was measured in 1996, phase 1 showed a higher TLC response as compared to the other two phases.
After the failure in 2003, a 30 m section was replaced in the middle of the cable. The dielectric spectroscopy measurements after this replacement revealed a VDP response for phase 1, Fig. 9 . 
CONCLUSIONS
The diagnostic method for detection of water treeing based on the measurement of the frequency dependent loss and capacitance has been verified.
Measurement procedure based on the TDR method is proposed as a promising method for localisation of water treed regions along the cable length.
Condition based replacement was estimated to have saved 2 MEUR for the presented case.
After the repeated measurements in 1996 and 2003 it is concluded that water tree degradation may slow down with time and cables can be kept in service for longer times than previously estimated.
